Introduction
============

Cytarabine, known as Ara-C, rapidly converts to cytosine arabinoside triphosphate, which can be incorporated into DNA during the process of DNA synthesis, and eventually causes DNA damage, probably by stalling replication forks and generating DNA double-stranded breaks. Given that cancer cells proliferate rapidly, Ara-C can kill cancer cells by interfering with their DNA synthesis during the S phase of the cell cycle. Ara-C has been the backbone of induction chemotherapy for acute myeloid leukemia and acute lymphocytic leukemia for several decades.^[@b1-1030466],[@b2-1030466]^ For non-Hodgkin lymphomas, Ara-C is used as an upfront therapy for mantle cell lymphoma and Burkitt lymphoma, and as part of some salvage regimens when non-Hodgkin lymphomas relapse. However, it remains incompletely understood how Ara-C treatment regulates DNA damage responses in primary B cells and B-cell lymphomas.

The current treatment of B-cell non-Hodgkin lymphomas typically includes R-CHOP, a combination of anti-CD20 (rituximab), three chemotherapy agents (cyclophosphamide, doxorubicin, vincristine), and one steroid (prednisone).^[@b3-1030466],[@b4-1030466]^ This regimen has increased the rates of complete response for both young and elderly patients with diffuse large B-cell lymphoma.^[@b5-1030466],[@b6-1030466]^ Both cyclophosphamide and doxorubicin are also DNA-damaging agents, although their functional mechanisms are different from those of Ara-C. Doxorubicin is commonly used to treat cancers, including breast cancer, bladder cancer, lymphoma and acute lymphoblastic leukemia.^[@b7-1030466]^ Doxorubicin can stabilize the complex of topoisomerase II and broken DNA strands, thereby preventing the broken DNA double helix from being resealed and causing stalled DNA replication. Furthermore, the formation of doxorubicin-DNA adducts could activate DNA damage responses independent of topoisomerase II.^[@b8-1030466]^ When cells experience DNA damage, the cell cycle can be arrested in the G1, S or G2 phase for DNA repair.^[@b9-1030466]^ If the DNA damage is beyond recovery or the level of double-stranded breaks exceeds the repair capacity, cells never enter mitosis but die or undergo senescence.^[@b9-1030466]^ It does, however, remain poorly understood how doxorubicin treatment regulates cell cycle arrest and cell death in B-cell lymphomas.

Cell cycle checkpoints are critical to control the progression of the cell cycle of DNA-damaged cells. The active complex of CDK1 and cyclinB1 controls entry into the mitotic (M) phase, and the expression of CDK1 is constitutive. Tyr15 phosphorylation mediated by Wee1 and Myt1 would inactivate CDK1, thus inhibiting mitotic entry. CyclinB1 expression increases at late S phase and reaches the peak at late G2 phase. CyclinB1 down-regulation would arrest cells at G2 phase, thus reducing mitotic entry.^[@b10-1030466],[@b11-1030466]^ Further study proved that cyclinB1 is rate limiting but not essential for mitotic entry and progression.^[@b12-1030466]^ Abrogation of the G2/M checkpoint, for instance, by reducing the phosphorylation level of CDK1, enhances premature mitotic entry upon DNA damage, leading to increased cell death via mitotic catastrophe.^[@b9-1030466],[@b13-1030466]^ Previous studies have shown that combined treatment with genotoxic drugs and Wee1 inhibitor efficiently controls leukemia progression.^[@b14-1030466]--[@b16-1030466]^ It remains unclear whether Wee1 inhibitor enhances the M phase entry of cell cycle-arrested B-cell lymphomas and, if so, whether G1, S or G2 phase-arrested lymphomas are sensitive to Wee1 inhibitor.

In the current study, we employed primary mouse B cells, and various mouse and human B-cell lymphoma lines to test how B cells respond to Ara-C or doxorubicin treatment and to elucidate the relationships among DNA damage, cell cycle arrest and the cell death pathway. Our data suggest that cyclinB1/A2 upregulation is an intrinsically programmed DNA damage response. We show that different types of B cells exhibit differential cell cycle arrest upon Ara-C or doxorubicin treatment. Overall, our studies may reveal new mechanistic insights into DNA damage responses and cell cycle regulation, identify biomarkers to predict chemosensitivity and facilitate the development of novel therapies for B-cell lymphomas and beyond.

Methods
=======

Cell culture and SOMAscan assay
-------------------------------

CH12 lymphoma cells were cultured as described previously.^[@b17-1030466]^ G1XP lymphomas were generated, established and cultured as described previously.^[@b18-1030466]^ Ramos, OCI-LY1, OCI-LY3, OCI-LY7 and DHL-16 were gifts from Dr. Wing C. Chan (University of Nebraska, NE, USA) and were cultured in 10% fetal bovine serum lymphocyte medium. Lymphoma cells were cultured at 0.5×10^6^/mL, and treated with Ara-C (Cat. SY004943, Accela, San Diego, CA, USA), MK1775 (Cat. 2373, Biovision, Milpitas, CA, USA) or doxorubicin (Cat. 159101, MP Biomedicals) at indicated concentrations for 6 h or 24 h. Splenic B cells were isolated from wildtype (wt) naïve mice using a negative selection kit (Stem Cell Technologies, Canada), cultured with anti-CD40 and interleukin-4 as described previously,^[@b19-1030466]^ and collected 4 days after culture for Ara-C treatment or for western blot and flow cytometry analysis. Details of the SOMAscan assay and computational analysis are provided in the *Online Supplementary Materials and Methods*.

Western blot, flow cytometry, and knockdown of cyclins
------------------------------------------------------

Primary antibodies used in the western blots are listed in *Online Supplementary Table S3*. Secondary horseradish peroxidase-conjugated anti-mouse, anti-goat and anti-rabbit antibodies were from Jackson ImmunoResearch (West Grove, PA, USA) and developed by ECL^™^ western blotting detection reagents (GE Healthcare, Little Chalfont, UK) according to the instructions provided with the kit. Details of the flow cytometry analysis including cell cycle analysis and cyclin knockdown are given in the *Online Supplementary Materials and Methods*.

Fluorescence microscopy
-----------------------

Cells were collected and placed on poly-L-lysine-treated cover slips for 30 min, fixed by 4% paraformaldehyde for 1 h at room temperature and permeabilized by 0.1% Triton X-100 for 30 min. After blocking with 2% bovine serum albumin for 30 min, cells were covered by Vecta shield mounting medium (Cat.H-1200, Vector Laboratories, Burlingame, CA, USA) and slides. Images were acquired with an Eclipse TE2000 (Nikon).

*In vivo* treatment of the transplant G1XP lymphoma model
---------------------------------------------------------

G1XP lymphomas were generated by crossing Cγ1Cre knock-in, *Xrcc4*, and *Trp53* conditional knockout mice, as described previously.^[@b18-1030466]^ Animal work was approved by the Institutional Animal Care and Use Committee of University of Colorado Anschutz Medical Campus (Aurora, CO, USA). Details of the treatment are provided in the *Online Supplementary Materials and Methods*.

Results
=======

Ara-C treatment induced apoptosis via caspase3 activation and DNA fragmentation
-------------------------------------------------------------------------------

Ara-C is analogous to deoxycytidine and is thought to be an S phase-specific agent.^[@b20-1030466],[@b21-1030466]^ How Ara-C causes the death of B cells remains incompletely understood. We treated mouse B-cell lymphoma, CH12 cells,^[@b22-1030466]^ with Ara-C, and found that Ara-C increased the percentage of annex-in-V-positive CH12 cells and caused DNA fragmentation (*Online Supplementary Figure S1A-C*). Since the occurrence of DNA fragmentation is related to caspase3-induced apoptosis, we examined whether Ara-C treatment affected caspase3 activation. Our data showed that cleaved caspase3 was increased in a dose-dependent manner upon Ara-C treatment (*Online Supplementary Figure S1D,E*). Recent studies found that chemotherapeutic agents can cause necroptosis, a regulated form of necrosis or inflammatory cell death.^[@b23-1030466]^ We, therefore, examined the expression of RIP3 (RIPK3) and CaMKII, essential components of the necroptosis pathway, upon Ara-C treatment.^[@b24-1030466]--[@b26-1030466]^ We found that Ara-C did not increase RIP3 or CaMKII in various B-cell lymphomas (*Online Supplementary Figure S1F*). We, therefore, conclude that Ara-C causes apoptosis by activating caspase3 in B-cell lymphomas and does not induce necroptosis.

Ara-C treatment upregulated cyclinB1 and cyclinA2 in various types of B cells
-----------------------------------------------------------------------------

To elucidate how primary B cells or B-cell lymphomas respond to DNA damage, we employed cutting-edge aptamer-based multiplexed proteomic technology,^[@b27-1030466]^ SOMAscan, to identify the differentially expressed proteins in untreated *versus* Ara-C-treated B cells. Due to the breakthrough of SOMAmer,^[@b27-1030466]^ the SOMAscan^™^ proteomic assay enables us to quantify 1310 proteins across approximately eight logs of concentration as shown by previous studies.^[@b28-1030466],[@b29-1030466]^ Among 1310 proteins tested, we found that there were only three proteins differentially expressed between untreated and Ara-C-treated primary B cells from wt or *Xrcc4/p53* double conditional knockout mice.^[@b18-1030466]^ These were cyclinB1/cdk1, cyclinA2/cdk2 and importin B1 (IMB1), all of which were significantly upregulated (fold change ≥2, *P*\<0.05) in Ara-C-treated primary activated B cells ([Figure 1A](#f1-1030466){ref-type="fig"} and *Online Supplementary Tables S1 and S2*). We present the top ten upregulated/downregulated proteins in Ara-C-treated wt or double conditional knock-out primary B cells (*Online Supplementary Figure S2A,B*).

![Upregulation of cyclinB1 and cyclinA2 in different types of B cells upon Ara-C treatment. (A) SOMAscan analysis of untreated or Ara-C-treated B cells. CH12 lymphoma (n=3), G1XP lymphoma (n=3), wt (n=3) or *Xrcc4/p53* conditional knockout (n=3) primary B cells were treated with 10 μM Ara-C for 16 h. Cell lysates were prepared and subject to SOMAscan assay. Data are presented as mean±s.e.m. (B) Increased expression of cyclinB1, cyclinA2 and pCDK1 in different types of B cells upon Ara-C treatment. CH12 or G1XP lymphomas, wt or p53^-/-^ primary B cells were treated with 1 μM Ara-C for 24 h. CyclinB1, CDK1, pCDK1, cyclinA2 and CDK2 were detected by western blot and β-actin as the loading control. (C) Ramos lymphomas were treated and analyzed as described in (B). (D) Upregulation of cyclinB1, cyclinA2 and pCDK1 in different types of B-cell lymphomas upon doxorubicin (DOX) treatment. CH12, Ramos and Ly1 lymphomas were treated with 100 nM doxorubicin for 24 h and analyzed as described in (B). Data are representative results of three independent experiments.](103466.fig1){#f1-1030466}

We recently established a unique mouse model by specifically deleting a NHEJ gene, *Xrcc4*, and *Trp53*, in germinal center B cells, which results in the spontaneous development of G1XP lymphomas.^[@b18-1030466]^ Cell lines were established from G1XP lymphomas. In line with our data from primary B cells, we found that cyclinB1 and cyclinA2 were also upregulated by Ara-C in our newly developed G1XP lymphomas and in CH12 lymphomas ([Figure 1A](#f1-1030466){ref-type="fig"}).

We performed western blotting to validate the results of the SOMAscan assay. Consistently, we found that cyclinB1 and cyclinA2 were indeed upregulated in Ara-C-treated wt or p53 conditional knock-out primary B cells, and in CH12 or G1XP lymphoma cells ([Figure 1B](#f1-1030466){ref-type="fig"}). Notably, we found that CDK1 phosphorylation (pCDK1) at Tyr15 was also enhanced by Ara-C treatment in primary B cells or B lymphoma cells; in contrast, total protein expression of CDK1 and CDK2 was not increased ([Figure 1B](#f1-1030466){ref-type="fig"}). When CDK1 is phosphorylated at Tyr15 by Wee1 kinase, it is inactivated and blocks M phase entry. Thus, these data suggest that although cyclinB1 is upregulated, the cyclinB1/CDK1 complex stays inactive and probably would not promote M phase entry (see below).

To generalize our findings, we treated several human B-cell lymphoma lines, including Ramos, OCI-LY1, OCI-LY3, OCI-LY7 and DHL-16, and found that Ara-C treatment upregulated cyclinB1, cyclinA2, and pCDK1 expression in all of them ([Figure 1C](#f1-1030466){ref-type="fig"}, *Online Supplementary Figure S3A*). Additionally, we examined other players involved in DNA damage responses and found that Ara-C treatment activated Chk1 and Chk2 in most of the lymphoma lines examined. However, we did not detect obvious differences in the levels of CDC25A or pCDC25C (*Online Supplementary Figure S3B*). Next, we examined the kinetics of cyclinB1/A2 upregulation. CyclinB1 and cyclinA2 were upregulated after 8 h of Ara-C treatment (*data not shown*), and significant induction occurred after 20 h or 24 h (*Online Supplementary Figure S3C*). Overall, our results showed a time-dependent effect of Ara-C treatment on upregulating cyclinB1/A2.

Lastly, we showed that another DNA-damaging agent, doxorubicin, can also upregulate cyclinB1/A2 in several B-cell lymphoma lines ([Figure 1D](#f1-1030466){ref-type="fig"}). We conclude that cyclinB1 and cyclinA2 upregulation appears to be an intrinsically programmed DNA damage response, which occurs in both activated primary B cells and various B-cell lymphomas.

Ara-C induces differential cell cycle arrest in different types of B cells
--------------------------------------------------------------------------

Since cyclins control cell cycle progression, we examined how Ara-C affected cell cycling in mouse primary B cells and B-cell lymphomas in a time- and dose-dependent manner. Based on the Ara-C doses employed in previous studies,^[@b30-1030466]^ we chose to test the effects of treatment with 1 μM and 10 μM Ara-C. Six hours of Ara-C treatment did not affect cell cycle progression significantly in wt primary B cells regardless of Ara-C dosage ([Figure 2A](#f2-1030466){ref-type="fig"}, top panel). In contrast, after 24 h of treatment, wt primary B cells predominantly arrested in the S phase in the presence of 10 μM Ara-C, whereas, 1 μM Ara-C treatment caused a modest increase in the percentage of S and G2 phase-arrested cells ([Figure 2A](#f2-1030466){ref-type="fig"}, bottom panel). Taken together, our data show that Ara-C induces mouse primary B cells preferentially arrested in the S phase of the cell cycle.

![Different types of B cells are arrested in distinct phases of the cell cycle upon Ara-C treatment. (A) Primary B cells were arrested in the S phase of the cell cycle upon Ara-C treatment. Anti-CD40/IL-4 activated wt primary B cells were treated with 1 μM or 10 μM Ara-C for 6 or 24 h. (B) Mouse B-cell lymphomas were arrested in the G2 phase of the cell cycle upon Ara-C treatment. CH12 or G1XP lymphoma cells were treated with 1 μM Ara-C for 6 or 24 h. (C) Ramos lymphoma cells were treated with 1 μM Ara-C for 24 or 36 h. Cells were collected at indicated time points and fixed by 70% ethanol. After propidium iodide (PI) staining, cell cycles were determined by FACS (FL2-A). Data are representative results of three to five independent experiments.](103466.fig2){#f2-1030466}

Contrary to our findings in primary B cells, in CH12 cells we found that Ara-C treatment caused arrest in the G1 phase at an early time point (6 h: untreated 38.2% *versus* Ara-C 63.5%) and in the G2/M phase at a later time point (24 h: untreated 10.5% *versus* Ara-C 42.7%) ([Figure 2B](#f2-1030466){ref-type="fig"}, top panel). To further corroborate our findings, we determined the cell cycle progression of G1XP lymphomas upon Ara-C treatment. Consistently, our data showed that Ara-C also arrested G1XP lymphomas in the G1 phase at an early time point and in the G2/M phase at the later time point ([Figure 2B](#f2-1030466){ref-type="fig"}, bottom panel). Ara-C treatment resulted in apoptosis regardless of G1 or G2 phase of the cell cycle (*Online Supplementary Figure S4A*). All cells of the sub-G1 phase were positive for cleaved caspase3, indicating their apoptotic phenotypes (*Online Supplementary Figure S4B*). Nevertheless, the ratio among G1/S/G2 remained the same with or without sub-G1 phase included. Since we were more interested in living cells, sub-G1 phase cells were not included in the cell cycle analysis.

To distinguish whether Ara-C induces G2 or M phase arrest, we determined the phosphorylation level of histone3 (pH3), which serves as a marker for M phase entry since chromosome condensation requires H3 phosphorylation. We found that pH3 level was reduced upon Ara-C treatment, demonstrating that Ara-C-treated lymphomas were arrested in the G2 phase but failed to progress into the M phase (*Online Supplementary Figure S5*). These observations are consistent with our findings that the level of pCDK1 (Tyr15) was increased upon Ara-C treatment ([Figure 1B](#f1-1030466){ref-type="fig"}), which would inactivate CDK1 and block M phase entry.

In sharp contrast to our findings in CH12 and G1XP, we found that Ramos cells, a human Burkitt lymphoma line, were preferentially arrested in the G1 phase of the cell cycle ([Figure 2C](#f2-1030466){ref-type="fig"}). Thus, Ara-C induces differential cell cycle arrest in different types of B cells, namely, S phase arrest in primary mouse B cells, G2 phase arrest in CH12 and G1XP lymphoma cells and G1 arrest in Ramos cells.

p53 deficiency does not affect Ara-C-induced cell cycle arrest or M phase blockage
----------------------------------------------------------------------------------

The *TP53* gene is the most frequently mutated gene in human cancers.^[@b31-1030466]^ p53 is capable of inducing cell cycle arrest, apoptosis, or senescence, modulating DNA repair or metabolism, and serving as the guardian of the genome.^[@b32-1030466]--[@b34-1030466]^ Thus, we tested whether p53 deficiency might affect cell cycle progression upon Ara-C treatment. We treated wt or p53 conditional knock-out primary B cells with Ara-C (1 μM or 10 μM). Our data showed that primary B cells were arrested in the S phase after 24 h of Ara-C treatment regardless of p53 genotype ([Figure 3A](#f3-1030466){ref-type="fig"}). Next, we sought to determine whether p53 deficiency affects M phase entry. The percentage of the pH3-positive population is relatively low in primary B cells given that they do not proliferate as fast as lymphomas ([Figure 3B](#f3-1030466){ref-type="fig"}, Untreated). In order to increase the percentage of M phase cells, we used colcemid, a microtubule-depolymerizing drug that blocks M phase progression ([Figure 3B](#f3-1030466){ref-type="fig"}, Untreated *versus* Untreated plus colcemid). However, we did not detect a significant difference in cell cycle arrest between wt and p53 conditional knock-out primary B cells ([Figure 3B](#f3-1030466){ref-type="fig"}). Ara-C treatment blocked M phase entry regardless of p53 genotype ([Figure 3B](#f3-1030466){ref-type="fig"}). We, therefore, conclude that p53 deficiency does not affect cell cycle progression of primary B cells upon Ara-C treatment. This observation is consistent with our findings with G1XP lymphomas that are deficient in both *Xrcc4* and *Trp53*, yet, we found that G1XP lymphomas were arrested in the G2 phase, similar to p53-proficient CH12 cells. These data suggest that Ara-C-induced G2 phase arrest is also independent of p53.

![p53 deficiency does not affect the cell cycle changes induced by Ara-C treatment in primary B cells. Wt and p53 conditional knockout primary B cells were treated with 1 μM or 10 μM Ara-C for 24 h. (A) Cell cycles were determined by propidium iodide (PI) staining and (B) mitotic entry was determined by pH3 and PI staining. Data are representative results of three independent experiments.](103466.fig3){#f3-1030466}

Increased cyclinA2 and cyclinB1 were not required for Ara-C-induced G2 phase arrest
-----------------------------------------------------------------------------------

To address whether increased cyclinA2 and cyclinB1 were required for Ara-C-induced G2 phase arrest, cyclinA2, cyclinB1 or both were knocked down in CH12 cells by transient transfection of corresponding short hairpin RNA. Western blot confirmed the reduced expression of cyclinA2, cyclinB1, or both in knocked down CH12 cells compared with scrambled controls (*Online Supplementary Figure S6A*). However, the reduction of cyclinA2, cyclinB1, or both had no obvious effects on Ara-C-induced G2 phase arrest (*Online Supplementary Figure S6B*). Additionally, the cleaved caspase3 was not affected by reduced expression of cyclinA2, cyclinB1 or both (*Online Supplementary Figure S6A*).

Wee1 inhibitor sensitized G2 phase-arrested lymphomas to Ara-C treatment
------------------------------------------------------------------------

Ara-C treatment increased pCDK1 ([Figure 1B](#f1-1030466){ref-type="fig"}), indicating that pCDK1 may contribute to Ara-C-induced inhibitory effects on mitotic entry (*Online Supplementary Figure S5*). Since Wee1 kinase can phosphorylate CDK1, we employed Wee1 inhibitor to reduce pCDK1 in G1XP lymphomas and tested whether mitotic entry was affected. Cell cycle analysis showed that Wee1 inhibitor enhanced the mitotic entry of Ara-C-induced G2 phase-arrested lymphomas ([Figure 4A,B](#f4-1030466){ref-type="fig"}). Consistently, Wee1 inhibitor reduced the level of pCDK1 ([Figure 4C](#f4-1030466){ref-type="fig"}). Furthermore, combined treatment of Ara-C and Wee1 inhibitor induced a higher level of cleaved caspase3 ([Figure 4C](#f4-1030466){ref-type="fig"}), promoted more cells to undergo mitotic catastrophe ([Figure 4D](#f4-1030466){ref-type="fig"}), and caused more cell death ([Figure 4E](#f4-1030466){ref-type="fig"}).

![Wee1 inhibitor (MK1775) enhances premature mitotic entry, mitotic catastrophe and apoptosis upon Ara-C treatment. (A, B) Wee1 inhibitor enhances premature mitotic entry of G2 phase-arrested B-cell lymphomas upon Ara-C treatment. G1XP lymphoma cells were either untreated or treated with 1 μM Ara-C, 100 nM MK1775, or both for 24 h. Cells were collected and fixed by 70% ethanol. After propidium iodide (PI) and pH3 staining, cell cycles were determined by FACS (FL1-H/FL2-A). Statistical significance was calculated with one-way ANOVA, Tukey multiple comparison test, \*\**P*≤0.01 in (B). (C) Increased apoptosis of B-cell lymphomas upon combined treatment with Ara-C and MK1775. G1XP lymphoma cells were treated as described in (A). pCDK1 and caspase3 were detected by western blot and β-actin was the loading control. (D) Increased mitotic catastrophe of B-cell lymphoma upon combined treatment with Ara-C and MK1775. G1XP lymphoma cells were treated as described in (A). Cells undergoing mitotic catastrophe (white arrow) were detected by fluorescent microscopy with DAPI. (E) Increased cell death of Ara-C-induced G2 phase-arrested lymphomas upon MK1775 treatment. CH12 and G1XP lymphoma cells were treated as described in (A). Statistical significance was calculated with one-way ANOVA, Tukey multiple comparison test, \**P*≤0.05. (F) G1/S phase-arrested lymphomas upon Ara-C treatment are not sensitive to MK1775 treatment. Ramos, Ly1, Ly7 and DHL-16 lymphomas cells were either untreated or treated with 1 μM Ara-C, 100 nM MK1775, or both for 24 h. Cell numbers were counted and are presented as the percentage of the untreated group. Data are representative results of three independent experiments.](103466.fig4){#f4-1030466}

Ara-C treatment resulted in G1 or S phase arrest in other lymphoma lines including DHL-16, Ly1, Ramos, and Ly7 (*Online Supplementary Figure S7*). Intriguingly, Wee1 inhibitor exhibited no effects on the level of mitotic entry (*Online Supplementary Figure S7*), cleaved caspase3 (*Online Supplementary Figure S8*) or cell death ([Figure 4F](#f4-1030466){ref-type="fig"}) of the G1 or S phase-arrested lymphomas. Overall, our data suggested that Wee1 inhibitor appears to preferentially promote mitotic entry, mitotic catastrophe and cell death in G2 phase-arrested lymphomas.

Newly acquired sensitivity to Wee1 inhibitor in doxorubicin-induced G2-phase-arrested lymphomas
-----------------------------------------------------------------------------------------------

To generalize our findings that Wee1 inhibitor may preferentially affect G2-phase-arrested lymphomas, we treated various lymphoma lines with doxorubicin and found that doxorubicin induced G2 phase-arrest in CH12, Ramos and Ly7 cells but G1 phase-arrest in Ly1 and DHL-16 cells ([Figure 5A](#f5-1030466){ref-type="fig"}). Consistently, we showed that combined treatment with doxorubicin and Wee1 inhibitor resulted in more cell death in G2 phase-arrested lymphoma lines compared with doxorubicin alone ([Figure 5B](#f5-1030466){ref-type="fig"}). In contrast, the combined treatment had no effects on the survival of non-G2 phase-arrested lymphoma lines ([Figure 5C](#f5-1030466){ref-type="fig"}). In line with our findings in Ara-C-treated lymphomas ([Figure 4](#f4-1030466){ref-type="fig"}), we found that Wee1 inhibitor also enhanced the mitotic entry of doxorubicin-induced G2 phase-arrested lymphomas ([Figure 6A,B](#f6-1030466){ref-type="fig"}), whereas it did not affect the non-G2 phase-arrested lymphomas ([Figure 6B](#f6-1030466){ref-type="fig"}). In summary, our data showed that Ramos and Ly7 lymphomas were arrested in G1 or S phase upon Ara-C treatment (*Online Supplementary Figure S7*); however, doxorubicin treatment promoted G2 phase arrest in these two lymphoma lines, which correlated with their newly acquired sensitivity to Wee1 inhibitor.

![Newly acquired sensitivity to Wee1 inhibitor in doxorubicin-induced G2 phase-arrested lymphoma cells. (A) Cell cycle arrest of various lymphoma lines upon doxorubicin treatment. CH12, Ramos, Ly7, Ly1 and DHL-16 were either untreated or treated with 100 nM doxorubicin, 100 nM MK1775, or both for 24 h. Cells were collected and fixed by 70% ethanol. After propidium iodide (PI) staining, cell cycles were determined by flow cytometry (FL2-A). (B) Increased cell death of doxorubicin-induced G2 phase-arrested lymphomas upon MK1775 treatment. CH12, Ramos and Ly7 lymphomas cells were treated as described in (A). Statistical significance was calculated with one-way analysis of variance, Tukey multiple comparison test, \**P*≤0.05. (C) Non-G2 phase arrested lymphomas, upon doxorubicin treatment, are not sensitive to MK1775 treatment. Ly1 and DHL-16 lymphoma cells were treated as described in (A). Cell numbers were counted and presented as the percentage of the untreated group. Data are representative results of three independent experiments.](103466.fig5){#f5-1030466}

![Wee1 inhibitor (MK1775) enhances premature mitotic entry of G2 phase-arrested lymphomas upon treatment with doxorubicin. CH12, Ramos, Ly1, Ly7 and DHL-16 lymphoma cells were treated as described in [Figure 5](#f5-1030466){ref-type="fig"}. Cells were collected and fixed by 70% ethanol. After propidium iodide (PI) and pH3 staining, cell cycles were determined by flow cytometry (FL1-H/FL2-A). (A) Representative FACS data of Ly7 lymphoma cells are shown. (B) Statistical analysis of premature mitotic entry in various lymphoma lines. Statistical significance was calculated with ANOVA. Tukey multiple comparison test, \**P*≤0.05. Data are representative results of three independent experiments.](103466.fig6){#f6-1030466}

Combined Ara-C and Wee1 inhibitor profoundly suppressed tumor growth *in vivo*
------------------------------------------------------------------------------

To test the therapeutic effects of combined Ara-C and Wee1 inhibitor treatment, we established an *in vivo* transplant model in which G1XP lymphoma cells injected into syngeneic recipient mice develop into secondary B-cell lymphomas ([Figure 7A,B](#f7-1030466){ref-type="fig"}). These secondary G1XP lymphomas were initially sensitive to Ara-C treatment, but became unresponsive to continuous Ara-C treatment and relapsed **∼**20 days after the initial Ara-C treatment ([Figure 7A,B](#f7-1030466){ref-type="fig"}). Wee1 inhibitor alone had no obvious effects on tumor growth or recipient survival compared with the vehicle control ([Figure 7A,B](#f7-1030466){ref-type="fig"}). In contrast, combined treatment of Wee1 inhibitor and Ara-C significantly prolonged recipients' survival ([Figure 7A](#f7-1030466){ref-type="fig"}) and effectively suppressed tumor growth ([Figure 7B](#f7-1030466){ref-type="fig"}). Of note, some of the recipient mice in the Ara-C/MK1775 group died early from unknown causes other than lymphoma. At day 34, tumor size was significantly reduced in the combined treatment group compared with that in the group treated with Ara-C alone ([Figure 7C](#f7-1030466){ref-type="fig"}); animals in the groups treated with the vehicle control or Wee1 inhibitor were terminated before this time point due to tumor size exceeding the limit of institutional guidelines. In addition, combined treatment with Ara-C and Wee1 inhibitor attenuated the side effects of Ara-C treatment alone since the weight of recipients was significantly greater in the combined treatment group ([Figure 7D](#f7-1030466){ref-type="fig"}). We conclude that, when combined with other chemotherapeutic agents, Wee1 inhibitor may provide a novel therapeutic intervention for B-cell lymphomas that can be arrested in the G2 phase of the cell cycle.

![Combined treatment with Wee1 inhibitor (MK1775) and Ara-C eradicates transplanted G1XP lymphoma and attenuates side effects. (A) Kaplan-Meier survival curve of recipient mice inoculated with G1XP lymphomas and treated with vehicle (n=18), Ara-C (n=13), MK1775 (n=13) or both (n=13). Data are combined from three independent experiments. When tumor size reached 4000 mm^3^ or other humane end points were met (e.g., necrotic tumors), mice were euthanized in accordance with institutional guidelines. (B) Combined treatment with Ara-C and MK1775 profoundly suppressed the growth of G1XP lymphomas. Recipients were treated daily with vehicle control or MK1775 from day 21 until termination, or with Ara-C alone from day 21 to day 46, or Ara-C/MK1775 from day 21 to day 28 after tumor inoculation. (C) Combined treatment remarkably reduced the tumor size. The tumor size was monitored for the group treated with Ara-C alone (n=26) *vs*. the Ara-C/MK1775 (n=26) treated group for about 1 week (from day 32 to day 38 after tumor inoculation), whereas the vehicle control and MK1775 groups were already terminated. Data are shown for theday 34 time point. (D) The weight of recipient mice was increased in the combined treatment group. The weight of recipient mice was monitored similarly as described in (C) for the group treated with Ara-C alone (n=13) *vs*. the Ara-C/MK1775 (n=13) group. Data are shown for day 34 time point. Statistical significance was calculated with a T comparison test, \*\*\**P*≤0.001.](103466.fig7){#f7-1030466}

Discussion
==========

Althrough Ara-C and doxorubicin have been used in clinics for several decades, it remains incompletely understood how primary B cells or B-cell lymphomas respond to such DNA-damaging agents. In the current study, we employed Ara-C and doxorubicin to treat primary mouse B cells and various B-cell lymphoma lines and present four novel findings: (i) upregulation of cyclinA2 and cyclinB1 appears to be an intrinsically programmed DNA damage response; (ii) Ara-C or doxorubicin induces differential cell cycle arrest in different types of B cells; (iii) Wee1 inhibitor sensitizes G2 phase-arrested B lymphoma cells to Ara-C treatment by inducing premature mitotic entry and mitotic catastrophe. Furthermore, Ara-C-induced G1 phase-arrest can be converted to G2 phase-arrest by doxorubicin treatment in certain B-cell lymphomas (e.g., Ramos cells), which correlates with newly acquired sensitivity to Wee1 inhibitor, and (iv) combined treatment with Ara-C and Wee1 inhibitor profoundly suppressed the tumor growth of transplanted G1XP lymphomas *in vivo*.

We present unexpected findings that, among 1310 proteins included in the SOMAscan assay, only three were differentially expressed between untreated and Ara-C-treated primary B cells, including cyclinB1/A2. However, we failed to identify the functional consequence of cyclinB1/A2 upregulation since double knockdown did not perturb the cell cycle or cause more apoptosis. Perhaps upregulation of these cyclins is indeed a stereotyped universal response to DNA damage, but is only functionally significant in certain types of DNA damage, such as irradiation.^[@b35-1030466]^ Another possibility is that other cyclins may play a compensatory role when cyclins A2 and B1 are knocked down. Our preliminary RNA-seq data did not show the upregulation of cyclinB1/A2 transcripts in the Ara-C-treated group. Hence, we predict that Ara-C treatment may somehow regulate the protein level of cyclinB1/A2, for example, via post-translational modulation of cyclinB1/A2 that leads to high and stabilized protein levels being maintained. Future studies are needed to elucidate the mechanisms that upregulate these cyclins upon Ara-C treatment, independently from blocking the cell cycle.

Previous studies showed that DNA damage often elicits innate immune responses, such as upregulation of NKG2D ligands or interferon responses, in macrophages^[@b36-1030466]^ or B-cell lymphomas.^[@b37-1030466]^ However, we did not detect upregulation of any factors related to interferon responses in Ara-C-damaged primary B cells. This observation is consistent with previous findings in 3′ repair exonuclease 1 (Trex 1) conditional knockout mice.^[@b38-1030466]^ TREX1 is an exonuclease that degrades cytosolic DNA and RNA and one of the unknown substrates of TREX1 can trigger cytoplasmic DNA sensor cyclic GMP--AMP synthase (cGAS). Loss of Trex1 in dendritic cells was sufficient to cause the release of interferon and systemic autoimmunity, whereas, deletion of Trex1 in B cells via CD19Cre did not produce any detectable interferon responses.^[@b38-1030466]^ Taken together, these data suggest that primary B cells appear to tolerate DNA damage with a higher threshold than other types of cells. This phenomenon is likely attributed to the physiological process of programmed generation of double-stranded breaks in primary B cells, namely, class switch recombination and somatic hypermutation. Double-stranded breaks are the essential intermediates of class switch recombination,^[@b39-1030466]^ and recent studies revealed that somatic hypermutation can result in double-stranded break formation in activated B cells.^[@b40-1030466]^ Hence, it may not be surprising that most non-Hodgkin lymphomas (80--90%) derive from B cells (B-cell non-Hodgkin lymphoma).^[@b41-1030466]^ This higher incidence of B-cell lymphomas is probably attributable to B-cell-specific DNA recombination induced by activation-induced deaminase.^[@b39-1030466]^ While primary B cells do not appear to trigger any immune responses upon DNA damage, this scenario would help to protect DNA-damaged B cells from being attacked by innate immune cells or T cells.

Since Ara-C functions as an S phase-specific chemotherapeutic drug, it would presumably arrest cells in the S phase. We found, however, that different types of B-cell lymphomas were arrested in distinct phases of the cell cycle by Ara-C treatment. The differential cell cycle arrests might depend on the specificity of chemotherapy agents (e.g., Ara-C *versus* doxorubicin), the severity of induced DNA damage and the genetic or epigenetic profiles of different types of B-cell lymphomas. Intriguingly, we found that the cell cycle arrest pattern in certain B-cell lymphomas can be shifted with different chemotherapeutic agents. For instance, Ramos and Ly7 were arrested by Ara-C in the G1 or S phase; however, they could be preferentially arrested in the G2 phase by doxorubicin treatment, which concomitantly occurred with acquired sensitivity to Wee1 inhibitor. We propose that the plasticity of G2 phase-arrest could be exploited for the design of personalized B-cell lymphoma therapy: (i) the cell cycle arrest pattern could be determined upon treatment with different chemotherapeutic agents for each individual patient; (ii) G2 phase-arrest inducing agents could be identified, which could then be combined with Wee1 inhibitor to achieve more effective treatment for the corresponding patient.

Combined treatment with Wee1 inhibitor and Ara-C has been tested for acute myeloid leukemia and T-cell acute lymphocytic leukemia,^[@b14-1030466],[@b15-1030466]^ and Wee1 inhibition was also tested in different types of cancers including medulloblastoma and hepatocellular carcinoma;^[@b42-1030466]--[@b45-1030466]^ however, the underlying mechanisms remain incompletely understood. Mitotic entry is restricted by the phosphorylation of CDK1, and inhibition of pCDK1 could abrogate the G2/M checkpoint and propel G2-phase cells to enter the M phase.^[@b44-1030466],[@b46-1030466],[@b47-1030466]^ This premature M phase entry would elicit mitotic catastrophe or apoptosis, which has been suggested to act as an effective means of killing cancer cells.^[@b9-1030466],[@b13-1030466]^ Previous studies found that Wee1 inhibition promoted G1 or S phase-arrested cells to undergo premature mitotic entry.^[@b16-1030466],[@b48-1030466]^ However, our data suggest that only G2 phase-arrested B cell lymphomas were sensitive to combined treatment with Wee1 inhibitor and Ara-C or doxorubicin. In line with *in vitro* data, our *in vivo* transplant G1XP model demonstrated a potential of combined Ara-C and Wee1 inhibitor treatment in eradicating B-cell lymphomas. Prior studies showed that Ara-C treatment activated Chk1,^[@b49-1030466]^ and Chk1 inhibitors synergize with Ara-C in suppressing acute myeloid leukemia.^[@b49-1030466],[@b50-1030466]^ Consistently, we found that Ara-C treatment activated Chk1 and Chk2 in most of the B-cell lymphoma lines examined. Overall, these data suggest that cell cycle modulators may enhance the sensitivity of cancer cells to chemotherapeutic agents (e.g., Ara-C or doxorubicin), and that the combinatorial therapy may be more effective. Of note, we observed that a small percentage of recipients died early in the Ara-C/MK1775 group in the absence of lymphoma recurrence, suggesting that the toxic effects of combined Ara-C/MK1775 treatment need to be tested in future studies.
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